pipes of two different diameters. It is shown that the slip velocity can be calculated by measuring the difference between the transport concentrations of solids in two pipes resulted from the difference tend to form a heterogeneous mixture with water, but they can be hydraulically conveyed at an appropriate velocity1\ Although Brook1} has reported on flow measurement of particulate solid-liquid mixtures using a venturimeter of a non-standard type and a vertical counter flow meter and has mentioned that the flow in vertical pipes should be modified by slip between the particles and the water because the particles are usually denser than water, the slip effect has not been taken into account.
The authors are inclined to believe that particulate solidliquid flow is to be measured more preferably in a vertical pipe rather than in a horizontal pipe in order to avoid sedimentation and blockage at a feasible flow velocity. In this paper, theoretical and experimental methods are presented for obtaining the slip velocity by using vertical In consideration of the slip velocity us=u-up in hydraulic conveyance in a vertical pipe, the mass balances of solids and liquid can be written as ACdUmps= ACuPps = AC(u -us)ps for Lines I and II. In Eqs. (4) and (5), us in each line is assumed constant under a given condition, and Ws denotes the mass flow rate of solids, Wi the mass flow rate of liquid, and the subscripts 1 and 2 refer to Lines I and II, respectively. Substituting for ui from Eq. (5) into Eq. (4) gives
where m is the ratio defined by m-A\lAi. Whenthe Apm = Aph + Apw + Aps (7) It has been pointed out that the contributions of liquid and solids to the total pressure difference are not independent, since the presence of the solids is to modify the flow pattern". In this paper, however, emphasis is placed on obtaining a mathematical tool without making the analysis unduly complex, and the assumption of an additive expression may be justified as a first approximation". In addition to the assumption mentioned above, the pressure loss due to the friction of solids is neglected in accordance with the previous works5) of vertical conveyance in the flow regions of Allen (transition region) and Newton (turbulent region). The energy Es given to the solids which are hydraulically conveyed at an average velocity up (=u-us) can be represented by
for a vertical distance L. By reference to the above definition of Aps, the energy consumption Ei of liquid having the average true velocity u due to the additional pressure loss is given by Ei = A-Aps'u
Equating Es to Ei gives Experimental Procedure and Resultŝ^^^M A^P111611* The equipment of a close circuit unit schematically shown in Fig. 1 is used for this investigation.
The solids-liquid mixture is fed to a centrifugal pump (2) specially designed for hydraulic conveyance of solids from a feed tank (l) with a stirrer. From the pump, it traverses control valves (3) and an electromagnetic flow meter (4) into measuring Lines, (5) and (6) . The flow from the connected test pipes returns to the feed tank (l) via a head hopper (7).
The test line of two connected acrylic pipes is employed, one consisting of a 24.8mmdiameter pipe and the other of a 17.1mm diameter pipe, the ratio m (=Ai/A2) being 2.17. The pressure measurements are performed at 1.6
Fig. I
Schematic view of experimental apparatus mmin diameter holes drilled in the walls of pipes fitted with traps for solids with two differential carbon tetrachloride-water manometers. For excluding the acceleration effects, the pressure tapping in Line II is installed at a sufficient distance apart from the reducing area section of the test line. In order to obtain the experimental values of flow rates of solids, the delivered concentrations are measured by diverting the return flow to the feed tank.
Accelerating Distance of Solids The particulate solids in Line I flow in Line II at their final equilibrium velocity upi (=ui-Us).
The acceleration distance S necessary for reaching 99.9% of the final equilibrium velocity uP2 i^mui-Us) of solids in Line II can be calculated by solving the equation of motion of a particle vertically conveyed3\ Plots of S for various values of m are shown in Fig. 2 as a function of u\/us.
In making the experiments for this study, the ratio m is 2.17 and the ratio uju* ranges from a little more than 1 to 4. Whereas Fig. 2 indicates 30cm Three fractions and a mixture are used for this study.
The properties of the solid materials and the concentra- tion of solids-water mixture investigated are tabulated in (3) determined by direct measurements of delivered concentrations in Fig. 3 . Fig. 4 shows the actual results of conveyance and the flow rates of solids predicted by Eq. (4). Where the mean velocity of liquid is not so high compared to the slip velocity of solids, it is apparent that the conventional neglection of slip effects maylead to significant errors in -Jtxp. 
Conclusion
In view of the slip velocity, a new method for determining the flow rates of solids hydraulically conveyed is presented. The main parts of the apparatus consist of vertical two pipes connected each other, an electro-magnetic flow meter and pressure manometers.
It has been shown that the flow rates of solidscan be 
